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An investigation was carried out t o  determine the control feedback 
s t a b i l i t y  characterist ics of the Saturn SA-1 vehicle, with a 220-inch 
dummy second stage and a 120-inch dummy th i rd  stage, including loadings 
due t o  sloshing propellants e 

or  y a w  and roll) bending modes (4  l a t e ra l ,  2 torsional)  and propellant 
sloshing roots. 

Analyzed were the control frequency (pi tch 

The results a re  accomplished by the determination of (1) free-  
free uncoupled bending mode deflection curves and frequencies, and 
uncoupled natural  sloshing frequencies without the interaction of the 
control system (2)  
tha t  w i l l  give absolute s t a b i l i t y  and desired re la t ive  s tab i l i ty ,  and 
(3)  
f l igh t  conditions. 

the gain and phase of f i l t e r s  f o r  each control loop 

the computation of the coupled frequencies of the system under 

Rate gyros were compared with a lead network as means of obtaining 
control damping. 
d. -meter f o r  oc-control was studied with no apparent difference i n  

e f fec t  upon vehicle s$ability. 

The use of a loca l  pressure sensing or an Edcliff vane 

The ef fec t  of aerodynamic forces upon vehicle bending s t a b i l i t y  was 

Ar t i f i c i a l  phase was introduced i n t o  the control loop as a way 
determined as well as the e f fec t  of propellant sloshing and s t ructural  
damping. 
of determining the re la t ive  s tab i l i ty .  

S tab i l i ty  exists f o r  a l l  cases investigated with very l i t t l e  or no 
instabi l iz ing influences coming from the sloshing propellants.. A s ta te -  
ment can be made that baffles w i l l  not be needed i n  the lower parts of the 
booster tanks t o  achieve propellant sloshing s tab i l i ty .  
w i l l  be provided by the Z-rings of the 70-inch diameter outer r ing tanks. 
Aerodynamic forces had very l i t t l e  e f f ec t  upon vehicle bending s tab i l i ty .  

Enough damping 

ed 

Bending mode s t a b i l i t y  was achieved by two methods: phase stabiliza- 
Attenuation s tabi l izat ion i s  the most t ion and attenuation stabil ization. 

favorable when the magnitude of the bending mode Frequency i s  w e l l  above 
the control frequency. 
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INTRODUCTION 

The 
feedback 
stages ) . 

purpose of t h i s  paper i s  t o  present the results of a control 
s tab i l i ty  analysis of Saturn SA-1 (dunmy second and third 

t h i s  analysis the vibrational. results of the bending an&ysis For 
were used considering the f ive booster lox tanks as contributing t o  
the stiffness. 
the system the applied bendingmethodleads t o  higher values than i n  
the actual case. 
mately 20%. 
t h i s  analysis. 

It is  believed, however, that  due t o  the redundancy of 

The first  bending mode would be decreased by approxi- 
This, however, w i l l  not drastically change the resul ts  of 

An investigation treating t h i s  fact  i s  in the process, 

A comprehensive study w a s  made for the coupled frequencies of the 
l a t e ra l  and torsional bending modes, sloshing, pitch control, roll 
control, and of the swivel engine. 

Different control systems were considered: 

1 . Edcliff angle-of -attack meter (alpha control ) . 
Rate gyro f o r  pitch control damping 
Lead network f o r  roll control &aping d -channel 

q-channel 

2. Local angle-of -attack meters {alpha control 1 . 
Rate gyro f o r  pitch control damping 7-channel 
Lead network f o r  roll control damping &-channel 

3. Local. angle-of-attack meters (alpha control) , 
Lead network fo r  pitch control damping y.' -channel 
Lead network f o r  roll control damping 4-channel 

A s  a preliminary study, phase a d  gain requirements necessary t o  
give each control loop maximum control feedback s tab i l i ty  were deter- 
mined, Utilizing t h i s  data, Guidance and Control Division designed 
appropriate f i l t e r s ,  and a further s tab i l i ty  analysis w a s  performed 
using the appropriately designed f i l t e r s  . 

Sloshing s tab i l i ty  was achieved independent of the control loops 
To further ascertain the effect  by the use of anti-sloBhing devices. 

of the p r o p e l l a t  sloshing, an imaly-sis w a s  performed by considering 
the propeUant solidified, 

d 



11. NOTA!T!ION 

gmf 

Q2 

Radius of propellant tank 

Gain factor  q-channel 

Gain factor  -8 -channel 

Gain factor  -channel 

Gain factor  d? -chamel 

Gain factor  o( -channel 

Indicated acceleration in/sec 

Transfer function of amplifier plus actuator 

Thrust vector angle engines 1 and 2 

Thrust vector angle engines 3 and 4 

2 

Command signal. t o  engines 1 and 2 

Command signal t o  engines 3 and 4 

Damping fac tor  pitch rate gyro 

Transfer function demodulator q-channel 

Transfer function demodulator o(-channel 

Transfer function demodulator $-channel 

Transfer function f i l t e r  (p-channel 

Transfer function f i l t e r  "D -channel 

Transfer Pmction f i l t e r  o( -channel 

Thrust o f  i nd iddue l  swivel engine 

Longitudinal vehicle acceleration 

Damping fac tor  f o r  sloshing propellant 

Gain factor  accelerometer channel 
_. . -. - - 

3 
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hf 

Q 

E z 
a X 

v X 

Y 

YP 

Propellant height 

Transfer function lead nztwork 'p -channel 

Transfer function k a d  n3twork 8 -channel 

Dynamic pressure 

F i r s t  moment swivel engine about swivel point 

Accelerometer X-station 

Angle-of-attack meter X-station 

Thrust application X-station 

Location of r o l l  gyros 

Location of pitch g p o s  

Slope of bending mode deflection curve 

Bending mode deflection curves (normalized to 1 inch 
a t  the vehicle nose) 

s 

*. 
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CompTex amplitude of translation of vehicle 

Coupled root of system 

Complex amplitude factor  of vehicle r 

Complex amplitude factor  i n  lateral 

Aerodynamic damping factor  angle-of- 

Mechanical damping factor  angle-of-a 

Damping factor  accelerometer 

Damping factor  swivel engine 

Complex amplitude factor  of torsional bending 

Complex vehicle pitching angle 

N a t u r a l .  angular frequency of the angle-of-attack meter b% % \ 
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Natural angular frequency of the swivel engine 

Natural angular frequency of' the accelerometers 

Natural angular frequency of the pitch rate  gyro 

Natural ang~iiar frequency of' the roll ra te  gyro 

Rotation of swivel engine relative to space 

Compliance of swivel engine 
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ILL. (C) DISCUSSION 

A. ( C )  Asswnptions 

We assume that 

1. The response curves of the Saturn (P-channel demodulator, 
anzplifier, and actuator will be the same as those f o r  the Jupiter. 

2. The instationary aerodynamic fbrces computed by using 
slender body theory are valid f o r  the Saturn vehicle configurations, 
This i s  appropriate since the maximum stagnation pressure is  i n  the 
transonic speed range. 

3. The effect  of the flowing propellant upon s tab i l i ty  can 
be neglected, since the flowing propellants cause a s l ight  increase i n  
damping of the system. 

, 

4. The effect of guidance terms upon s tabi l i ty  is smal l  and 
is  not considered, 

5. 
control . 

6 .  
tanks w i l l  be 

Four swivel engines w i l l  be used f o r  both r o l l  and pitch 

The propellant sloshing of the second and th i rd  stage 
suppressed by completely f i l l i n g  the tanks with water. 

Procedure 

The basic procedure f o r  analyzing the control s tab i l i ty  of the 
Saturn SA-1 vehicle consists of three pwts .  These are the determinatioi 
of:  

1) 

3 )  

To 

The uncoupled free-free torsional and lateral bending mode 
frequencies and deflection curves, and the natural propellant 
frequencies (without the inclusion of the exterior forces and 
the control system) 

The location of the sensors (gyros and accelerometers) with 
the phase and gain requirements of the control loop for  t h i s  
location; and 

The coupled frequencies for  the vehicle during flight. 
results of part  (1) are published i n  I IA-TM-~~-~o.  

The 
(Reference 3 

accomplish p&s (2) and (3),  the equations of motion of the 
system are determined by the use of Lagrange's equations i n  motlified 
form. 
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The generalized coordinates, si's, are independent of each 
and specify the configuration of the system. 
coordinates i s  the same as tha t  of the degrees of freedom f o r  holonomic 
conditions. According t o  Figure 1 and Figure 2, the system under con- 
sideration has the following degrees of freedom: 

The number of gene 

1. 
center l ine.  

The lateral t r ans l a t im  y of the undefomed vehicle 

2. The rotation p o f  the vehicle relative t o  an iner t ia l  

The rotation 4 of the vehicle relative t o  an ine r t i a l  

system. (pitch). 

system (roll). 
3. 

4. The displacement ys of the sloshing propellant mass 
relative t o  the tank w a l l .  

5. 

6. 

The rotation 7 of the swivel engine relative t o  an 
ine r t i a l  system. 

The e las t ic  deformation of the vehicle i n  l a t e ra l  bending 
represented by the amplitude 7F of the p = t h  bending mode at the nose 
of the vehicle. 

7. The e las t ic  deformation of the vehicle i n  torsional 
bending represented by the amplitude 7& of the d - t h  bending mode 
at  the nose of the vehicle. 

8. The compliance 6' of the swivel engine which is the 
difference between the actual 'deflection angle of the swivel engine 
and the control signal ( 6 = fl', -Ic, ; 4 = /B.;z - pcz ). 

The degree of freedom of the longitudinal translation was eliminated 
by the special choice of the coordinate system as mentioned above. 
t h i s  investigation, 4 l a t e ra l  bending modes 

For 
d = 2) were used. 

The derivation of the equatians (without roll and torsion) i s  
given i n  Reference 2. 
roll and torsional degrees of freedom were taken f r q  an unpublished 
addendum t o  Reference 2. The resulting set of equations are linear, 
homogeneous, second order differential  equations. A set of solutions 
is  assumed in  the form 

The additional equations needed t o  include the 
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where s = a/+ i W .  This removes the time dependence and transforms 
the equations into algebraic, linear, homogeneous equations i n  q; . 
non-trivial solutions t o  exist, the determinant of the coefficients must 
vanish. The 
values of s, thus obtained, is used t o  compute the values of the unknowns 

q; . The homogeneous set of equations gives only the rat ios  of the 
unknowns; therefore, one variable can be chosen arbitrari ly.  Since we 
know the minimum and maximum response amplitudes, neglecting second 
order effects, which are functions of the angular frequency ~ i ,  the 
logical choice is the engine deflec.f;ion @e . The frequency 
dependent can be written as 

This i s  done by an i terat ive procedure (Reference 2). 
- 

d2min ( LLJ ) = 0.01 degrees or 0.0001745 radians 

 ma^ ( w )  = 0,122173 f o r / d /  f 4.94 

A l l  phase relations are given relatAve t o  the engine deflection a g l e  . 
(Figme 2). 
i n  general form by using (1) as 

The positive direction of PC;Z bs i n  the negative y-direction 
Two sets of solutions are now obtained which can be written 

The solutions are then damped if cr i s  negative, undanped i f  d is  
equal t o  0, and diverging i f"  d is  positive in sign. If w is  equal t o  
zero, we have s t a t i c  s tab i l i ty  conditions. 
are discussed under the section t o  which they are most applicable. 

Other mathematical procedures 

C. (U) Tank Arrangement 

Figure 3 presents a cross section of the SA-1 vehicle showing the 

70-inch diameter tanks surrounding one 105-inch diameter tank. 
propellant tanks and the i r  locations, 
eight 
The 105-inch diameter tank and four 70-inch diameter tanks contain LOX. 
The other four 7O-inch diameter tanks contain fuel. 
tanks are connected by separate inner-connecting pipe lines leading into 
one feed line so that the propellant level  in all LOX fuel tanks w i l l  be 
approximately the same . 

The booster consists of a cluster of 

The LOX or fuel 
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Since the sloshing characteristics are the same f o r  each of four  
70-inch diameter Rtel or LOX tanks, we denote the four 70-inch dianeter 
fie1 tanks as Tank 1 and the four 70-inch diameter LOX tanks as Tank 3; 
the 105-inch diameter LOX tank is  denoted as Tank 2, 

The theory for l iquid oscillations used in  th i s  investigation was 
derived for flat  bottom cylindrical tanks. To adapt the propel lant ,  
.tanks of the Saturn vehicle t o  t h i s  theory, the conical portions of the 
tanks were mathmaticazly replaced by cylinders of equal volume. 

D. (U)  Control System 

The control system used i n  th i s  investigation consists of the 
Jqi ter  59 -channel demodulator and q l i f  Zer-actuator . The ' compliance 
of the swivel engine w a s  taken into account by using an engine natural 
frequency of 14 cps and a damging value fE = 0.07. 

written as: 
For low frequepcy oscillations, t5e control equations can be- 

Two equations are necessary since the sane engines are used fo r  
roll and pitch (or yaw). 
equations become identical. 

If the s i g n a  is pure pitch or yaw, the 

Eight actuators me used for roll control, The relation of the 
angle of the four swivel engines as used i n  th i s  investigation is  
given on Figure 2, 

R e w r i t i n g  equations (4) and ( 5 )  in 2;rmsfer function fom and 
including both rate gyxos and lead network for  control damping, the 
control equations become: 



where (ppis the total. pitch angle sensed by the gyros and is m i t t e n  
as 

o(" is the t o t a l  indicated angle-of-attack and i s  written as 

&p is the t o t a l  roll. angle and i s  written as 
00 

A block d iag ram of a control system that includes all possible 
control configurations is given on Figure 4. 
lead network is  used for  control damping i n  lieu of rate' gyros, the 
rate gyro transfer function i s  set equal t o  zero and the lead network 
transfer function i s  inserted in  the appropriate block. Other 
components can be changed by the same procedure. 

For example: If the 

The transfer functions of the filters, lead network, and the rate 
gyros were cal.cula$ed from the electrical. or physical components of the 
system and are valid for c o q l e x  frequencies. The transfer function of 
the actuators was found experimentally. 

E. (C> Data 

Electrical. gain 
quency is. plotted on 

values, a 9, and bo 
Figure 5 ?versus flight 

for .3 cps control fre- 
time) 

Y 

R 

I 
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The uncoupled free-free-lateral  bending mode frequencies and 
deflection curves (nomalized t o  1 at tlE vehicle nose) are taken from 
M-TM-34-60 (Reference 1). Trajectory data axe presented on Table 1. 

Figure 6 is a graph of the undisturbed propellant heights i n  inches 
A plot  of vs f l igh t  time i n  seconds f o r  the different propellant tauks. 

the natural free-free sloshing mode frequencies i s  given on Figure 7. 
Values for three sloshing modes are graphed. 

The swivel engine natural frequency was assumed t o  be 14 cps w i t h  
7% of c r i t i ca l  damping. 
actuators e 

The wing is due t o  the f lu id  i n  the 

me structural chrping factor in latera2 and torsional bending w a s  
assumed t o  be a conservative 0.0020 and .0065,respectivel;y. 

a natural frequency of 16 cps. 
The rate gyro used was assumed t o  be 70% criOically damped with 

The phase and gain chaxacteristics of the local angle-of-attack 
meter are taken from llAI M-211, 30 January 1958. (Reference 6)  

The frequency of the Edcliff angle-of-attack meter is plotted on 
Figure 8. 
0,005 and 0.015, respectively. 

Its aerodynamic and mechanical wing was assumed t o  be 

F. ( C )  Cases Investigated 

To assist in  the detemination of an appropriate control system for  
the Saturn vehicle, SA-1 durmqy upper stages, several types of system were 
investigated and are as follows: 

I, CA -channel Edcliff angle-of -attack meter 
9 -channel 
4 -channel 

Rate gyro f o r  pitch control dmQing 
Lead network fo r  roll control ming 

2. o< -chamel Local angle-of-attack meters 
-channel 
-ch=el 

3. c4 -channel 
-channel 

,Q -channel 

Rate gyro for 'pitch control damping 
Lead network fo r  roll control wing 

Local angle-of-attack meters 
Lead network for  pitch control damp- 
lead network f o r  roll control mping 

$ 

The effects of various parameters upon the systems are studied a d  
include : 

1. The effect of s h i n g w  considering the IiqUia 
S o i i d i m a  m 2-e to osc 
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2, Different propellant damping devices 

3. R a t e  gyro located at  different  posit ions 

Coupled roots are obtained for:  

1. Lateral bending modes 

2. Torsional bending modes 

3. Swivel engine mode 

4. Pitch control mode 

5, Roll control mode 

6 Sloshing propellant 



IV . ( C )  RESULTS 

A. 

The 
system. 
devices. 
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(C) Basic Concepts Used fo r  Interpretation and Direction 

guided vehicle may be thought of as an electromechanical 
The servo system contains e lec t r ica l ,  mechanical and hydraulic 
By the time the refined control s tab i l i ty  analysis i s  t o  be 

made, the vehicle system i s  determined by performance requirements 
detailed by the mission of the vehicle. 
of a f i l t e r  or  shaping element t o  the control loo;? as a means t o  gain 
required s t a b i l i t y  characterist ics.  The characterist ics f o r  the 
f i l t e r i n g  de ices  can be given i n  transfer function form as gain ( K )  
and phase ( B >. The role  of the uni t  becomes evident i n  expresgions 
f o r  overall system performance. 
investigation i s  t o  determine the transfer function of the f i l t e r  uni t  
i n  terms of overall system performance. 
necessity frequency dependent; therefore, the transfer function of the 
uni t  must be specified as 

This leaves only the addition 

The purpose of th i s  phase of the' 

The system performance i s  by 

b By simplifying the equations of motion (considering only one 
osci l la t ion a t  a time and each control loop separately), the frequency 
dependent transfer function can be specified i n  terms of desired perfor- 
mance. This, then, uniquely determines the transfer function. The two 
performance questions tht a r i se  are: (1) absolute s t a b i l i t y  defined 
as any f r ee  osci l la t ion i n  the system which does not continue indefini te ly  
( 2 )  
rate of decay f o r  the oscil lation, and the magnitude of frequency shif t  
due t o  the control system coupling. The absolute s t a b i l i t y  i s  uniquely 
determined by the phase of the t o t a l  control loop. This has been given 
i n  detailed form i n  previous reports (DA-TM-65-55, Reference 3 and 
DA-TM-l&O-59, Reference 4). The relat ive s t a b i l i t y  i s  basically deter- 
mined by the t o t a l  gain and s t ructural  damping of the system. Two 
methods of achieving absolute s t a b i l i t y  from bending modes can 5e used; 

re la t ive  s t a b i l i t y  defined as the magnitude of the damping, the time 

(1) Phase s tabi l izat ion:  The f i l t e r  i s  designed by lead and 
lag units t o  produce the maximam absolute seabi l i ty  f o r  a 
prescribed gain level.  The following figure i s  a root locus 
plot  with phase lag a" as parameter showing maximum absolute 
s t ab i l i t y .  P 

rB. 
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M u .  Stabi l i ty  

t 

I U 

DIAGRAM 1 

( 2 )  Attenuation s tabi l izat ion:  The signal sensed by the control 
sensor i s  attenuated i n  the control loop. Strong attenuation 
resu l t s  i n  the domination of the mechanical damping, regardless 
of the phase of the control loop. 

The second method lends i t s e l f  t o  fewer uncertainties and i s  
probably the superior  method. It, however, cannot be accomplished 
when a mode frequency i s  near the control frequency (which i s  fixed). 
This i s  due t o  the attenuation of the f i l t e r  interfer ing with the 
nominal a and a gain values. The Saturn SA-1 has the f i r s t  mode 
bending frequency close t o  the control frequency and, therefore, must 
be phase stabil ized. "'lie other modes can be attenuation stabil ized. 

0' 1 

The attenuation s tabi l izat ion method cag be ju s t i f i ed  since the 
time f o r  total decay of the osci l la t ion (e" 

frequencies, even low 3 w i l l  give a strong dkcay rate .  

) takes precedence over 
. the percentage of c r i t i c a l  damping ( 7 ). At the bending mode 

For the determination of the f i l t e r ,  t ransfer  function k e  -1 s 
i s  mathematically introduced i n  the control equation where T ( s )  i s  the 
t o t a l  transfer function of a lead network or r a t e  gyro and demodulators 
and 
f i l t e r  f o r  the o(-channel. 

( s )  i s  the t ransfer  function of the sensor and the demodulator 

d 
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D I A G M  2 

The procedure considers only one loop of the control system a t  a 

increments from 0-360' and produces a root locus 

time by set t ing the appropriate gain (Kl o r  %) equal t o  zero. 
other K(K o r  value i s  s e t  t o  unity. Ar t i f i c i a l  phase (6 )  i s  
introduce4 i n  
p l o t  (diagram 1) f o r  each bending mode a t  a given f l i g h t  time. The 
phase producing maximm absolute s t a b i l i t y  i s  thus obtained. Using 
optimum phase, the appropriate gain factor  f o r  the control f i l t e r  i s  
computed. This gain value i s  determined for  a 7 (percentage of c r i t i c a l  
damping) = .01. The value of 3 i s  kept a t  this low magnitude t o  
r e s t r i c t  the root sh i f t  and t o  f a c i l i t a t e  component design. The 
transfer function has been determined fo r  a l l  important frequencies by 
th i s  procedure, and produces a f i l t e r  transfer function 

me 

By u t i l i z ing  the t ransfer  functions thus obtained, Guidance and 
Control Division designed f i l t e r s  which w i l l  produce the transfer 
function. 

- A. ( C )  Phase ana Gain Study Results 
-ll_vl_- 

1. V-Channel 

a. R a t e  Gyro f o r  Control Damping; Position Gyro 
f o r  Angle Derivation. 

h 



16 

Two locations were studied f o r  the r a t e  and position gyros, namely, 
s ta t ion e36 and -474 inches. The actual r a t e  gyro equation was used t o  
compute the transfer function f o r  the ra te  gyro which i s  70% c r i t i c a l l y  
damped and has a natural  frequency of 16 cps. 

c 

Gyros located a t  the top of the second stage (Xu = -474 inches) 4P 
I 

T'e phase and gain requirements fo r  t h i s  case are given on Figure 9.  
Stabi l i ty  i s  represented by the shaded area and ins t ab i l i t y  by the 
unshaded area. 
on the ordinate axis.  
width of the block represents the change i n  frequency versus f l i g h t  
time, The phase 
required t o  give maximum control feedback s t a b i l i t y  (maximum -P) i s  
represented by the so l id  l ine .  A t  the top of ,each block the average 
gain value K i s  given which w i l l  r e su l t  i n  a := .01. 
values used were f o r  a control frequency of .3 cps, Figure 5) .  

Arbitrary phase lag  introduced i n  the system i s  given 
Frequency i s  plotted against the abscissa. The 

I n i t i a l  and cutoff times are  marked on the graph. 

(a and a1 
0 

For maximum absolute s tab i l izy  i n  the f i r s t  bending mode,a 1 t o  3 
attenuation and a phase lag  of 80 a re  needed. 
cannot be accomplished and from the response curve of the y f i l t e r  
designed for t h i s  type control channel (Figure LO), it i s  noted that the 
gain i s  higher than tha t  requested. 
i s  near that  which i s  required f o r  maximum absolute s t ab i l i t y .  The 
second and th i rd  bending modes a re  not dependent upon phase f o r  s t a b i l i t y  
fo r ,  as previously mentioned, s t a b i l i t y  i s  achieved by attenuation. 
Note, however, that the gain i s  much smaller than the .6 value specified 
but i s  a desirable quali ty as it assures fur ther  that the signal w i l l  be 
attenuated and the damping provided by s t ructural  damping and aero- 
dynamic forces. A phase study i s  not made f o r  the four th  mode. F i l t e r  
v i 1 1  provide maximum attenuation f o r  fourth and higher modes. 

Attenuation, however, 

Tnis i s  acceptable since the phase 

J 

Shifting the position of the r a t e  and posit ion gyros t o  s ta t ion 
= +36 inches (Figure ll), it i s  found that the same f i l t e r  can be 

u t i l i zed  since the phase requirement f o r  the f irst  bending mode shows 
only s l igh t  changes f o r  e i ther  gyro location. 
f o r  absolute s t a b i l i t y  of the second bending mode i s  shifted 180 and 
the attenuation increased by a factor  of 4. 
are within the tolerances tha t  w i l l  insure s t ab i l i t y .  Desired attenuation 
f o r  the third bending mode i s  f u l f i l l e d  by the previous f i l t e r .  
ta t ion of the location f o r  the rate and position gyros with respect t o  
the node and antinode points of the bending modes i s  given on Figures 12-15. 

x!! 
The phase requiregent 

These are values which 

Presen- 

ri 

c- 



I 
1 

s 

c 

b . Lead Network 

17 

Utilizing a lead network and with the position gyro location a t  
s ta t ion XY= 1-36 inches the phase and gain reqdrements do not change 
to  any great extent from those obtained when a r a t e  gyro was used. 
(The top of the booster, s ta t ion X Y  = 1-36 inches, was f e l t  by Guidance 
and Control Division t o  be the most advantageous position fo r  the gyros; 
hence,only one location w i l l  be investigated f o r  the present and 
remaining cases ) . See Figure 16 f o r  the gain and phase 
and Figure 17 f o r  the response curve and diagram of the 

lead network . 
A t  the f irst  bending mode frequencies, the f i l t e r  i s  well adapted 

For the second and third bending fo r  desired phase and gain values. 
modes which, as  previously mentioned, are  s tabi l ized by a t t e n F t i p n  and 
thus are independent of phase, the f i l t e r  design i s  adeqmte. 
matter of fact ,  attenuation i s  greater than required. 

A s  a 

2.. Accelerometer Channel - - 
With the accelerometer located a t  s ta t ion X = 1-36 inches, the 

resu l t s  iridicate that,  with the required gain, exfjremely large values 
of attenuation are required t o  achieve a I =  0.01. (Figure 16.) 
A s  a resul t ,  only phase s tabi l izat ion could be an acceptable method 
f o r  control s t ab i l i t y .  A t  the present time, therefore, it i s  not 
deemed advantageous t o  attempt t o  u t i l i z e  accelerometers f o r  OZ, -control 
on SA-1 vehicles. A t  a l a t e r  date, fur ther  study w i l l  be made t o  
investigate the f e a s i b i l i t y  of accelerometer control which w i l l  perhaps 
lead t o  an acceptable f i l t e r .  

3 .  o( -Channel 

a. Edcliff angle-of-attack meter 

From the phase and gain requirements shown on Figure 19, a f i l t e r  
was designed within the tolerances required f o r  good s tab i l i ty .  
Figure 20 for  a graph of the response curve. For m a x i m u m  s t a b i l i t y  i n  
the f irst  bending mode, the f i l t e r  very closely gives the value of the 
phase required f o r  optimum s t ab i l i t y .  
i n  the gain since it i s  of such a value (low) t o  provide f o r  an attenu- 
a t ion type damping. 
attenuated, 

See 

A desirable quali ty i s  found 

Second and higher bending mode signals are w e l l  

b. Local angle-of -attack meter 
pi 

Presented on Figure 21 a re  the values obtained f o r  
gain necessary t o  give m a x i m u m  feedback s t ab i l i t y .  The 
u t i l i zed  for the Edcliff meter contains characterist ics 

.. 
phase and 
f i l t e r  de sign 
w h i c h  meet 
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the s t a b i l i t y  requirements i n  the pyesent case; hence, it i s  used f o r  
our analysis. 

4. R o l l  Channel 

Figure 22 i s  the phase and gain requirements necessary f o r  
torsional bending mode s t ab i l i t y .  
meet these requirements i s  given on Figure 23, and as shown the 
response of the system i s  adequate f o r  use i n  the roll channel. 

The control system designed t o  

B. ( C )  Root Study f o r  Final Control Systems 

1. Bending Mode Roots 

The basic philosophy used i n  achieving s t a b i l i t y  by phase o r  

In  t h i s  portion of the investigation, a 
attenuation and the result ing design of an appropriate f i l t e r  were 
discussed i n  Part I11 A. 
study i s  made t o  determine the va l id i ty  of the f i l t e r  and t o  invest i -  
gate fur ther  the e f fec ts  caused by introducing various parameters. 

a. Edcliff cd -meter, Rate Gyro for Control Damping 

Using an Edcliff angle-of-attack meter f o r  cy -control and a 
r a t e  gyro f o r  control damping i n  the y-channel, the control system 
i s  i n  an acceptable s t a b i l i t y  range f o r  the f i rs t ,  third, and fourth 
bending modes; the second bending mode s t a b i l i t y  i s  of a marginal 
nature. A s  depicted on Figures 24-27, d v s  f l i g h t  time, the 
difference i n  s t a b i l i t y  f o r  e i ther  frozen or  sloshing propellant 
(damped by 2-rings 
indicate the s t a b i l i t y  of the control system, a second s e t  of graphs 
i s  given (Figures 30-33) on which 
i s  plotted vs f l i g h t  time. 

gnf = ,065) i s  of no consequence. To fur ther  

T(percent of c r i t i c a l  damping) 

Several s t a b i l i t y  characterist ics of the th i rd  and fourth 
bending modes a re  worthy of mention. At 20 seconds of f l i g h t  time, 
the th i rd  bending mode frequency reaches a resonance condition with 
the angle-of-attack meter frequency which resu l t s  i n  an increase of 
s t ab i l i t y .  
cies.)  At the fourth bending mode frequency, a resonance condition 
occurs with the angle-of-attack meter and swivel engine frequencies 
a t  30 and 50 seconds f l i g h t  time, respectively. The r e su l t  i s  an 
increase i n  s t a b i l i t y  f o r  the fourth bending mode. 

(See Figure 8 f o r  a p lo t  of the natural  free-free frequen- 



(Note: Due t o  t h e  resonance condition occurring between 
the bending mode and swivel engine frequencies, the swivel 
engine s t a b i l i t y  decreases at 70 seconds f l i g h t  t i m e .  See 
Figure 32 f o r  a plot  of e v s  f l ight time f o r  the  swivel 
engine root associated w i t h  the lead network cases. OrJy 

of control system has l i t t l e  e f fec t  upon the s t a b i l i t y  of 
the swivel engine root.) 

1* one plot  is given f o r  the swivel engine root since the type 

b. Local O( -meter, Rate Gyro f o r  Control Damping 

Retaining the r a t e  gyro f o r  control damping i n  the v-channel 
and changing from vane t o  a loca l  type angle-of-attack meter fo r  

(%-control, no basic change occurs i n  the s tabi l i ty  of the system. 
(One advantage of the loca l  angle-of-attack meter i s  tha t  i t s  
natural  frequency i s  not i n  the frequency band of the control system.) 
The s t a b i l i t y  of the system is  further analyzed by, first, removing 
the aerodynamic forces ( Q  = 0 )  and, second, increasing the  s t ructural  
damping g p  from .002 t o  ,005. 
( for  t h i s  vehicle) has very l i t t l e  e f fec t  upon the s t a b i l i t y  of the 
oscil lation; increasing the s t ructural  damping results i n  a s t a b i l i t y  
increase . (Figures 32-36) . 

Removing the  aerodynamic forces 

To determine the val idi ty  of the f i l t e r  design and the attenuation 
of the signal, a phase study was made f o r  the  bending mode roots 
a$ 40 seconds f l i g h t  time. 
the phase of the first bending mode t o  be only 45' removed from 
optimum s t ab i l i t y ,  The second bending mode, which has marginal s t a b i l i t y  
f o r  early f l i g h t  times (Figure 25), i s  stable f o r  all phase values 
(Figure 38). A la rger  s t ructural  damping would increase s tab i l i ty ,  
and it i s  believed t h a t  the  Saturn vehicle w i l l  have a la rger  v d u e  
than the conservative g&= .002 used i n  t h i s  investigation. 
value of g y =  ,010 i s  predicted by the Structures and Mechanics Division, 
The t h i r d  and fourth bending modes are stable, independent of the phase 
(Figures 39-40) 
increase the relative s t a b i l i t y  of the  system. 

A root locus p lo t  (Figures 37-40) shows 

A pract ical  

Again, a larger value for  s t ructural  damping would 

c. Local Angle-of-Attack Meter, Lead Network f o r  
Control Damping 

Replacing. %he rate gyro by a lead  network, a loca l  angle-of-attack 
meter is  retained f o r  ol -control, and with the exception of t h i r d  
bending mode, which i s  unstable for  the  first 20 seconds d flight t i m e ,  

t o  undesired gains i n  the y-filter; however, the condition could be 
removed by increasing structural damging or by more attenuation i n  the 
f i l ter  . 

L 
e ail1 bending modes are stable. The t h i r d  bending mode in s t ab i l i t y  i s  due 
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To i l l u s t r a t e  the e f f ec t  of coupling between modes the percent 
and phase of the contrib t ing  part ( ,8 min) from each degree of 
freedom i n  re la t ion  t o  >E2 (Oo phase) i s  given on Tables 2-4. It 
i s  noted that very l i t t l e ,  if any, coupling occurs between roll and 
pitch. Any osc i l la t ion  i s  predominantly of one mode. For the th i rd  v 

and fourth bending modes, feedback occurs through the o( -channel. 
(Included on the table a re  the percent and phase values obtained 
when propellant i s  allowed t o  slosh. 
as a restilt of propellant sloshing.) 

Only s l igh t  changes are noticed 

For the local. OZ -meter and r a t e  gyro control, the absolute value 
of the variables ( ,@min) i s  given on Figure 41. 
worthy of note. 
of approximately .006, .07, and .02 inch i s  required f o r  the first, 
second, third, and fourth bending modes respectively. Note, also,  
t ha t  the fue l  sloshing amplitude rnf (Figure 42)is  small. 

follows. Near a resonance condition of the engine, gains and phase 
s h i f t s  are  created i n  the system; however, no in s t ab i l i t y  occurs as 
a resul t .  
s t a b i l i t y  

Several factors  are 
To excite the feedback loop, a vehicle nose deflection 

The swivel engine compliance e f fec t  upon the control system i s  as 

Very l i t t l e  change i s  noted i n  the first bending mode 

d. Rate Gyro and Position Gyro a t  Different Locations 

O f  fur ther  i n t e re s t  i n  achieving optimum s t a b i l i t y  i s  the 
location of the rate and position gyros a t  separate stations.  
analyze this  effect ,  the ra te  and position gyro were placed respectively 
a t  the top ( X  y = -474 inches) and bottom ( X  9 = +36 inches) of the 
second stage. The results (Figure 43) indicate tha t  no detrimental 
e f fec ts  w i l l  occur upon vehicle s t a b i l i t y  i f  the position and r a t e  
gyro a re  located as s ta ted above. 

To 

2. Sloshing Roots 

The c r i t e r i a  used f o r  designing the f i l ters  neglected the e f f ec t  
of the sloshing propellant. This i s  permissible when correlated 
with the assumption that the forces result ing from f u e l  sloshing 
w i l l  not have an appreciable e f f ec t  upon vehicle bending modes and 
control s tab i l i ty .  
are well separated and no dependency i s  made upon the control system 
as a mans of damping the sloshing propellant. 
t h i s  consideration proved t o  be effective for bending mode s t a b i l i t y  
when the loading due t o  sloshing propellants were added t o  the invest i -  
gation. 
damping of the sloshing propellant and i s  performed using various 
control systems designed only f o r  bending mode and control s tab i l i ty .  

The assumption i s  val id  as long as the frequencies 

F i l te rs  designed with 
x 

Therefore, this portion of the analysis i s  concerned w i t h  the 
c 
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This leads t o  the f a c t  that damping of the sloshing propellant must be 
achieved by the incorporation of anti-slosh devices introduced in to  
the propellant tanks. 
design, the baffl ing must be one which w i l l  provide an acceptable 
re la t ive  s t a b i l i t y  with m i n i m u m  weight. This part of the analysis- 
i s  thus concerned with the determination of the re la t ive  s tab i l i ty .  

Since weight i s  a c r i t i c a l  problem i n  vehicle 

The loadings due t o  sloshing propellant can occur from four types 
of vehicle oscil lations.  

( a )  Translational osci l la t ions 
(b ) Pitching osci l la t ions 
( c )  Rol l  osci l la t ions 
(d )  Bending osci l la t ions 

(Only the propellant i n  the cluster  of 70-inch 
affected by the roll oscil lations.  ) 

To determine the e f fec ts  of the preceding 
with ba f f l i i g  and type of control system used, 
obtained f o r  

diameter tanks is 

motions as interrelated 
sloshing roots were 

(1) 
( 2 )  
( 3 )  

F i r s t  and second sloshing modes - 70-inch diameter tanks. 
F i r s t  and second sloshing modes - 105-inch diameter tanks.  
F i r s t  roll sloshing mode - 70-inch diameter tanks. 

The resu l t s  indicate t ha t  the s t a b i l i t y  of the sloshing roots 
i s  affected very s l igh t ly  by the ty-ge control system used. Figures 
44-48 show d v s  f l i g h t  time. These d ' s  are  basically the roots of 
the uncoupled sloshing equation and are  changed very l i t t l e  with 
a change i n  control systems. Figures 49 and 50 give the damping 
factor  3 of the coupled root. This 7 i s  approximately the 7 of the 
damping device used i n  the p r o p l l a n t  tank. For the rate gyro and 
Edcliff angle-of-attack meter case, the sloshing s t a b i l i t y  was 
investigated for  two damping values, namely, 
and 7 =.033 (Z-rings) Figure 46. (The damping value 7 = .005 i s  
given only f o r  the r a t e  gyro and Edcliff angle-of-attack meter case 
since very l i t t l e  change i s  detected when another control system i s  
used. ) 

f = ,005 (smooth wall) 

To fur ther  substantiate the sloshing s t a b i l i t y  as presented by 
the above results,  an a r t i f i c i a l  phase l a g  8 was introduced i n t o  
the control system i n  increments from 00 t o  3600. 
a r t i f i c i a l  phase l a g  introduction was found t o  be negligible; therefore, 
Figures 44-48 are val id  f o r  any a r t i f i c i a l l y  introduced phase lag. 

The e f f ec t  of the 



Stab i l i t y  can be achieved already w i t h  damping. Without an t i -  
slosh devices the result i s  one of low re la t ive  s tab i l i ty ,  i n  the 
order of e--@%, and f o r  the 2-rings, t h i s  factor  becomes e-*15t. 
Hence, damping i n  the 70-inch diameter tanks should be provided by 
using 2-rings; damping provided by the smooth walls ( f a .005)  of the 
105-inch diameter tank i s  sufficient.  c 

It was observed tha t  the f irst  sdoshing mode of any tank i s  coupled 
very l i t t l e  with bending modes. 
phase of the contributing par t  ( P a i n )  i n  re la t ion  t o  the t o t a l  , J )dn*  
The major portion o f p  i s  contributed by the r i g i d  

Figures 52-53 present the absolute values of unknowns f o r  the 
rate gyro and loca l  angle-of-attack meter as a function of f l igh t  time 
f o r  the sloshing roots. 

Tables 2-4 present the percent an 

y-osci l la t ion.  

Several factors  worthy of note are: 

(1) bending made amplitudes are  small 
(2) the surface amplitude of the propellant decreases as 

f l i g h t  time increases, and 
( 3) the angle increases with f l i g h t  time. 

An increase i n  the moment due t o  sloshing i s  observed (Figure 54) with 
a s l igh t  increase i n  the force due t o  translation and a decreasing force 
due t o  bending* The moment increase i s  a result of two factors :  A 

(1) There i s  a larger  Yangle. 

(2 )  The sloshing mass& i s  displaced fur ther  from the vehicle 
center of gravity as f l i g h t  time increases. 

The clustering of t3e booster tanks has a decided advantage f o r  
sloshing s t ab i l i t y .  
tanks which r e su l t  i n  an increased sloshing frequency and decreased 
sloshing mass. 
sloshing m a s s ~ ~ t o  the vehicle mass m. 
mass i s  always below 35 of the t o t a l  vehicle mass. 

This i s  due mainly t o  the small diameter (70-inch) 

Figure 55 i s  a p lo t  of the r a t i o  of the propellant 
The percentage of sloshing 

It can be concluded that the s t a b i l i t y  of the sloshing propellant 
depends primarily upon the ty-pe of anti-slosh device used, and the 
location of the sloshing mass. 
booster), the tanks a re  well located i n  that the sloshing mass i s  
behind the vehicle center of gravity. 
(Reference 5 )  shows this t o  be very advantageous from s t a b i l i t y  stand- 
points for a simplified system. 

For t h e  S A 4  vehicle (propellant i n  the 

Report M N M - M - ~ o - ~ - ~ o  
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3. Torsion Roots 

7. 

Tne same philosophy and definit ions s ta ted under the section on 
l a t e r a l  bending modes are applicable t o  torsional bending; therefore, 
they a re  not restated.  

The resu l t s  indicate a stable osci l la t ion f o r  the two torsional - 
modes investigated (Figure 56) 
tha t  there i s  pract ical ly  no coupling between the torsional, pitching, 
and bending oscil lations.  This i s  a very desirable quality. The 
only coupling present originates through the gyroscopic reaction moment 
of the spinning turbines. (Since the torsion roo t  i s  p r a c t i c d l y  
ident ical  when the propellant i s  frozen or  f r ee  t o  oscil late,only one 
set of values i s  given. It i s  fur ther  observed tha t  irrespective of 
the control system used i n  pitch o r  yaw, the torsional roots  are  the 
same; therefore, only one case i s  presented. 

Table 2, defined previously, reveals 

(See Table 2) .  

The e f fec t  of engine f a i lu re  was not studied i n  t h i s  analysis. 
In  the near future an investigation w i l l  be made and the resu l t s  
published i n  a subsequent report. 

4. Swivel Engine Roots 

Two roots associated with the natural  frequency of the swivel 
engine were obtained. 
with the second torsional bending mode; the other i s  coupled with 
the fourth lateral bending mode. I n  the torsional coupled root, 
engines 1 and 2 osc i l la te  180° out of phase with engines 3 and 4; 
the r e su l t  i s  a lower frequency. (See Tables 3-4 f o r  the coupling 
and Figure 32 f o r  the s t a b i l i t y  plot.  1 The s t a b i l i t y  of %he root  
coupled with the fourth bending mode decreases but does not become 
unstable when resonance occurs a t  70 seconds f l i g h t  time. 

One, fed  through the roll channel, i s  coupled 

The different  control systems had very l i t t l e  e f fec t  upon the 

It can be s ta ted tha t  the swivel engine osci l la t lons have good 

s t a b i l i t y  of the engine roots. (Tables 2-4). 

absolute and re la t ive  s t ab i l i t y .  

5. Control Frequencies - 
For the present vehicle, two control frequencies exist; one 

i n  pitch o r  y a w  and one i n  roll. 
cies  were chosen as .3 cps; however, it i s  now believed tha t  the r o l l  
frequency should be increased t o  .5 cps. 
a t  a later t i m e .  

For this investigation both frequen- 

This  w i l l  be investigated 
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Since the different  control systems (pi tch or  y a w  and roll) 
were designed f o r  a .3 cps undamped frequency and used the same aO, 
a1 and bo gain values, only one set of roots i s  presented. 
gives the value of &and& f o r  the pitch or  yaw and r o l l  root.  

Figure 57 

Torsional o r  lateral bending modes had l i t t l e  e f fec t  upon the 
control frequency (Tables 2-4); the feedback was through the r i g i d  
body rotat ional  motion and the angle was sensed by both the gyros 
(posit ion and rate) and angle-of -attack meter. 

n 
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V. (C) CONCLUSIONS 

1. The control system has no adverse e f f ec t  upon the s t a b i l i t y  

The vehicle would f l y  safely without any an t i -  
of the sloshing propellants; anti-slosh devices placed i n  the tanks 
provide the damping. 
slosh devices i n  the 105-inch diameter tank and w i t h  Z-rings i n  the 
70-inch diameter tanks. 

2. The coupling between the roll and pi tch i s  negligible. 

3. Several different  type control loops can be used t o  provide 
vehicle s tab i l i ty .  
factors  other than s t a b i l i t y  achievements, since all perform equally 
well. 

The type control used i s  t o  be determined by 

4. Loadings due t o  propellant sloshing had no noticeable e f fec t  
upon bending and torsional mode s tab i l i ty .  

5. "here i s  1 2 t t l e  o r  no interaction among l a t e r a l  bending 
modes. 

6. Control frequencies are  well defined f o r  all cases. 

7. The use of accelerometers f o r  angle-of-attack control i s  not 
pract ical  a t  the present time, due t o  high gains i n  the accelerometer 
loop a t  bending mode frequencies. These high gains make appropriate 
f i l t e r  design impractical. 
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